The nanotechnology revolution offers enormous societal and economic benefits for innovation in the fields of engineering, electronics, and medicine. Nevertheless, evidence from rodent studies show that biopersistent engineered nanomaterials (ENMs) stimulate immune, inflammatory, and fibroproliferative responses in the lung, suggesting possible risks for lung diseases or systemic immune disorders as a consequence of occupational, environmental, or consumer exposure. Due to their nanoscale dimensions and increased surface area per unit mass, ENMs have a much greater potential to reach the distal regions of the lung and generate ROS. High aspect ratio ENMs (e.g., nanotubes, nanofibers) activate inflammasomes in macrophages, triggering IL-1β release and neutrophilic infiltration into the lungs. Moreover, some ENMs alter allergen-induced eosinophilic inflammation by immunostimulation, immunosuppression, or modulating the balance between Th1, Th2, and Th17 cells, thereby influencing the nature of the inflammatory response. ENMs also migrate from the lungs across epithelial, endothelial, or mesothelial barriers to stimulate or suppress systemic immune responses.
Introduction
Nanoparticles have at least one dimension less than 100 nm and due to their nanoscale size have the capability of reaching the distal regions of the lung after inhalation exposure. Engineered nanomaterials (ENMs) are intentionally designed nanoparticles, as opposed to naturally occurring nanoparticles generated by forest fires or volcanic activity; or nanoparticles generated from anthropomorphic activities such as the burning of fossil fuels. The unique properties of ENMs make them ideal candidates for the development of novel treatment strategies for lung and other diseases. However, many of the same unique properties allowing ENMs promise as novel therapeutics also pose potential risks. In fact, a variety of ENMs pose possible risks for lung diseases that could be associated with occupational or consumer exposure. 1, 2 ENMs produced in the highest volume include carbon nanotubes (CNTs), titanium dioxide (TiO 2 ), cerium oxide (CeO 2 ), zinc oxide (ZnO), and silver (Ag) and thus present the greatest likelihood for human exposure. However, risk to human health is not entirely linked to production volume and probability of exposure, but also to reactivity and potency of impact on biological systems, including the immune system. Therefore, ENMs produced in lower quantities that have potent effects on the immune system, such as nickel (Ni) and cobalt (Co) nanoparticles, could present significant health risks.
Immunotoxicity is defined as any adverse effect on the immune system following toxicant exposure that results in immune stimulation or immune suppression. 3 Immunostimulation increases the incidence of allergic reactions, inflammatory responses, or autoimmunity, while immunosuppression suppresses the maturation and proliferation of immune cells, resulting in increased susceptibility to infectious diseases or tumor growth. Dependent largely on the specific type of ENM in question, they have been reported as either immunostimulatory or immunosuppressive in the lung. However, the effects of ENMs on the immune system can also depend on the context of exposure; for example, repeated ENM exposures versus ENM exposure after the establishment of allergic inflammation.
The aim of this review is primarily to summarize some of the acute and chronic innate immune responses in the lung induced by select ENMs that could occur from environmental or occupational exposure. While only touching upon the utilization of ENMs for drug or vaccine delivery, careful consideration should be given to the potential risks of ENM-based delivery systems in order to ensure that therapeutic benefits outweigh the possibility of adverse side effects such as immunotoxicity. the lungs of mice or rats. [5] [6] [7] Aggregation of ENMs, alternatively referred to as state of dispersion, refers to nanoparticles that loosely adhere to one another through non-covalent interactions, such as electrostatic charge. Dispersion of aggregated ENMs can be achieved through surface functionalization to reduce electrostatic charge, or by suspension of ENMs in surfactant-containing media. The relative state of dispersion often influences the type of immune or pathologic response to ENMs. For example, dispersed CNTs cause diffuse interstitial fibrosis throughout the lower lung, whereas aggregated CNTs tend to cause focal granuloma formation. 8 Aggregation of ENMs also depends, to some extent, on the method of delivery to the lungs. Intratracheal instillation or oropharyngeal aspiration techniques for delivery to the lungs of rats or mice can result in more aggregation of ENMs and generally do not faithfully reproduce deposition patterns that are achieved with inhalation exposures to dry aerosolized or nebulized suspensions of ENMs. However, major advances have been made in methods for dispersing ENMs in aqueous suspension using surfactant-containing media prior to instillation or aspiration in rats or mice. 8 Inhaled or well-dispersed instilled ENMs also reach the sub-pleural region of the lungs either via macrophagedependent or -independent processes. Persistent ENMs, such as CNTs, remain embedded within the subpleural tissue of mice for months. 9 Additionally, some CNT-bearing macrophages can exit the lung via the pleural lymphatic system into the pleural space or can be found in lung-associated lymph nodes.
5,6

Effects of ENMs on the innate immune responses of macrophages
Lung macrophages serve a central immune defense role against inhaled particles and fibers. Most inhaled ENMs deposited in the distal regions of the lung are avidly taken up by alveolar macrophages in an aggregated form (clusters of nanoparticles). While aggregated ENMs are engulfed by macrophages, individual nanoparticles can escape immune surveillance and phagocytosis. For example, individual CNTs evade phagocytosis or uptake by macrophages and can be detected by TEM within epithelial or mesenchymal cells. 9 Aggregated ENMs taken up by macrophages via phagocytosis are cleared from the lungs through two primary mechanisms; 1) the mucociliary escalator and 2) the lymphatic drainage system. The mucociliary escalator is comprised of a coating of mucus on the surface of the airways that is constantly moving up the airways by the coordinated movement of cilia on the airway epithelium. 10 Macrophages with engulfed particles or fibers migrate to the distal portion of small airways where they are transported by the escalator to larger airways and ultimately out of the trachea where they are swallowed or expelled through coughing. A secondary macrophage-mediated clearance passage for ENMs out of the lung is the lymphatic drainage system, which includes lymphatic vessels that drain into the pleural cavity. Rigid, high aspect ratio ENMs (fiber-or tube-shaped) can present a problem for macrophage-mediated clearance if the nanofiber or nanotube exceeds the width of the engulfing phagocyte. For example, migration of macrophages containing CNTs across the pleura could cause DNA damage to mesothelial cells similar to asbestos fibers. 2, 11 However, whether CNTs possess pleural carcinogenicity like asbestos fibers remains unknown. Similarly, inhaled multi-walled CNTs can also reach lung-associated lymph nodes in rats from trafficking of ENM laden macrophages. 6 Certain high aspect ratio ENMs (rigid CNTs, nanowires, nanofibers) are capable of disrupting macrophage function by causing frustrated phagocytosis, which results in the release of inflammatory mediators (ROS and cytokines) and cell death. 11, 12 The innate immune function of macrophages could also be compromised by the formation of bridges composed of parallel bundles of CNTs that link two or more macrophages. 13 Macrophage phagocytosis and chemotaxis in rat alveolar macrophages in vivo is impaired by exposure to TiO 2 nanoparticles.
14 Additionally, ENMs have also been reported to impair phagocytosis of microbes as seen in mice exposed to single-walled CNTs that have impaired clearance of the bacteria Listeria monocytogenase. 15 Furthermore, mitochondrial stress induced by ENMs is yet another cause of macrophage cell death. For example, CeO 2 nanoparticle toxicity to human peripheral blood monocytes was found to be caused by mitochondrial damage and overexpression of apoptosis-inducing factor, but was independent of ROS production, and resulted in autophagy. 16 Autophagy induced by CeO 2 nanoparticles was further increased after pharmacological inhibition of tumor suppressor protein p53. However, inhibition of autophagy partially reversed cell death by CeO 2 nanoparticles.
Inflammasomes activation by ENMs and alternative macrophages
The uptake of ENMs could have a variety of consequences related to macrophage biology and function. The high aspect ratio ENMs (e.g., carbon nanotubes) cause inflammasome activation in macrophages which results in the processing and secretion of the pro-inflammatory cytokines IL-1β and IL-18 that is mediated by lysosomal disruption and ROS production. [17] [18] [19] Moreover, the dysregulation of inflammasomes has been implicated in a variety of disease states. 20 Inflammasome activation leading to the release of mature IL-1β has been proposed as a pro-fibrogenic event 21 and downstream targets of IL-1R activation include up-regulation for growth factor receptors such as PDGF-Rα. 22 However, macrophage IL-1β release is also an important innate immune response for recruiting neutrophils to the lung to participate in microbial killing and the resolution of inflammation. 23 As illustrated in Fig.  1 , exposure to certain ENMs (TiO 2 , ZnO, CNTs) results in a Th1 immune cell microenvironment that promotes polarization of "classically activated macrophages" (CAMs). 24 CAMs are capable of inflammasome activation and are thought to play essential roles in microbial killing and innate immune responses. In allergic asthma or fibrosis, macrophages are polarized to "alternatively activated macrophages" (AAMs) in the presence of Th2 cytokines, IL-4 or IL-13, and are thought to play important roles in fibrosis and cancer. 24 While little is known about inflammasome activation and IL-1β release by AAMs, compared with CAMs, a decrease in caspase-1 expression and pro-IL-1β processing has been described for human monocytes treated with IL-13. 25 Interestingly, ENMs alone could modify macrophage phenotype. For example, alveolar macrophages from rats exposed to CeO 2 nanoparticles had increased levels of arginase-1 mRNA, which is a marker of AAMs. 26 Macrophage activation by ENMs involves a complex network of intracellular signaling pathways, some of which are designed as protective responses to oxidative stress and cell injury. Specific types of ENMs have been reported to have either enhanced or suppressed ROS-mediated events in macrophages. For example, Ag nanoparticles increase the expression of NF-κB and COX-2 in RAW264.7 macrophages, whereas no such pro-inflammatory effect was found with Au nanoparticles. 27 Multi-walled CNTs also increase levels of the COX-2 enzyme through a MAP kinasedependent signaling pathway in mouse RAW264.7 cells in vitro. 28 Additionally, the antioxidant mediator Nrf2 is activated by multi-walled CNTs in cultured human THP-1 cells. 29 Both COX-2 and Nrf2 are protective factors against lung disease that are increased to counteract ROS-induced cellular stress initiated by CNTs. In contrast to multi-walled CNTs, platinum (Pt) nanoparticles suppress inflammatory responses of RAW264.7 cells by reducing bacterial lipopolysaccharide (LPS) induction of ROS, ERK phosphorylation and levels of COX-2 and iNOS. 30 These studies collectively suggest that the effects of ENMs, on either inducing or suppressing pro-inflammatory signaling pathways in macrophages, could be determined by multiple factors including shape, elemental composition, and ROS-generating potential of the ENM.
Nanoparticle effects on pre-existing airway disease
ENMs will most likely have the most profound adverse health effects on individuals with pre-existing respiratory diseases such as asthma, bronchitis, or COPD. 31, 32 For example, multi-walled CNTs exacerbate allergic airway inflammation in mice caused by ovalbumin sensitization as determined by amplified lung levels of Th2 cytokines and chemokines, as well as serum IgE levels, compared with allergen alone. 33 Single-walled CNTs have also been reported to exacerbate allergic airway inflammation in mice via enhanced activation of Th immunity and increased oxidative stress. 34, 35 In addition to airway inflammation, CNTs have also been shown to exacerbate airway fibrosis in mice that were first pre-challenged with ovalbumin. However, in this study lung levels of allergen-induced IL-13, a principal Th2 cytokine, were reduced by multi-walled CNT exposure compared to allergen alone. 36 Repeated exposure to multi-walled CNTs has also been shown to induce Th2 allergic responses in the absence of any allergen preexposure. 37 Other ENMs, besides multi-walled CNTs, have also been shown to exacerbate allergic inflammation in mice. TiO 2 or Au nanoparticles enhance airway hyper-responsiveness in a mouse model of diisocyanate-induced airway inflammation and increase numbers of inflammatory cells. 38 However, the majority of inflammatory cells in that study were neutrophils, which suggests a shift from the classic Th2 response to one that primarily features Th17-mediated inflammation. While these studies suggest that individuals with allergic asthma are susceptible to lung and airway disease caused by ENMs exposure, it remains unknown whether ENMs will cause or exacerbate asthma in humans. Some of the effects of ENMs (metal nanoparticles or nanotubes) on the modulation of allergen-induced airway remodeling are illustrated in Fig. 1 .
While there is a significant body of evidence in rodents suggesting that ENMs (e.g., CNTs) would be a hazard to individuals with asthma through exacerbation of Th2 inflammation, some studies with ENMs show suppression of allergen-induced airway disease in mice. For example, it has been shown that TiO 2 nanoparticles cause neutrophilic inflammation in healthy mice, but suppresses allergic airway inflammation in mice sensitized with ovalbumin allergen. 39 Therefore, there is evidence that ENMs can cause either immunostimulation or immunosuppression.
Dendritic cells (DCs) are important immune initiators that serve to capture and present allergens to naïve T cells, thereby driving T cell polarization. 40 Therefore, understanding the effects of ENMs on the function and phenotype of DCs is an important area of study. The exacerbation of allergen-induced airway disease discussed above could be partly through the inappropriate activation of antigen-presenting DCs. 33 Both ENMs and diesel pollutant nanoparticles have been shown to activate DCs where as other work has shown that ZnO nanoparticles cause DC death at relatively low concentrations. 41, 42 Interestingly though, CNTs have been reported to inhibit the differentiation of peripheral blood monocytes into DCs. 43 Mast cells are also important in the allergic immune response. 44 Recently, mast cells have been shown to participate in the activation of the IL-33/ST2 axis to mediate adverse pulmonary and cardiovascular responses to multi-walled CNTs. 45 The effects of ENMs in the lung could also be exacerbated by pre-existing bacterial or viral infection. Bacterial LPS is a potent pro-inflammatory agent and has been implicated in a number of occupational and environmental lung diseases in humans, including bronchitis, chronic obstructive pulmonary disease (COPD), and asthma. CNTs, either single-or multi-walled, have been reported to increase the severity of LPS-induced lung inflammation, pulmonary vascular permeability, and production of pro-inflammatory cytokines in the lungs of mice. 46 Moreover, LPS pre-exposure increased pulmonary fibrosis induced by multiwalled CNTs as well as CNT-induced production of PDGF by rat alveolar macrophages and lung epithelial cells. 47 These studies provide evidence that LPS-induced lung inflammation is a susceptibility factor that increases the severity of fibroproliferative lung disease caused by CNT exposure.
Pulmonary fibrogenesis induced by nanoparticles
Pulmonary fibrosis is an occupational hazard following exposure to many particles and fibers. Innate immune responses could play an important role in the progression or resolution of fibrosis. ENMs, because of their increased surface area to mass ratio and ROS-producing potential, could pose a significant risk for the development of fibrosis. Certain assumptions have been made with respect to ENM toxicity and expected disease outcome. For example, CNTs share some features with asbestos fibers, mainly with regard to their fiber-like shape and aspect (length to width) ratio. Asbestos fibers are a known cause of fibrosis and mesothelioma in humans. However, CNTs have some uniquely different properties from asbestos, including nanoscale width and highly conformal structure. Therefore, some caution should be taken in making comparisons of fiber-like or tube-shaped ENMs with asbestos fibers with respect to fibrogenic potential. Nevertheless, pulmonary fibrosis is a common pathologic feature observed in numerous rodent studies after exposure to CNTs. [48] [49] [50] As mentioned above, aggregated CNTs tend to produce granulomatous lesions. 49, [51] [52] [53] In contrast, diffuse interstitial pulmonary fibrosis is associated with well-dispersed CNTs. 54 Moreover, well-dispersed multi-walled CNTs were readily taken up by macrophages and cause greater growth factor (PDGF-AA, TGF-β1) and IL-1β production than non-dispersed CNTs. 54 Other factors contribute to the fibrogenic potential of ENMs, including shape, composition, electrostatic charge, and ROS generating capacity. High aspect ratio ENMs impede clearance and structures longer than ten to fifteen micrometers (the approximate width of an alveolar macrophage) are difficult to clear from lung tissues via macrophage-mediated mechanisms. For fiber or tube-shaped ENMs, diameter and rigidity are also determinants of toxicity. For example, thinner (~10 nm diameter) multi-walled CNTs are more toxic in the lungs of mice than thicker (~70 nm diameter) multi-walled CNTs. 55 However, long single-walled CNT are flexible when folded and are taken up by macrophages without causing frustrated phagocytosis or impeding macrophage clearance. Furthermore, the composition of ENMs must also be carefully considered. For example, metals used as catalysts in the manufacture of CNTs (e.g., nickel, cobalt, iron) are known to mediate pulmonary fibrosis in humans. 56 Studies have determined that nickel can cause occupational asthma and contact dermatitis, whereas iron and cobalt cause interstitial pulmonary fibrosis in occupations related to mining and metallurgy.
The emergence of the myofibroblast, a collagen synthetic mesenchymal cell, is a key step in the progression of lung fibrosis. A variety of growth factors, cytokines, and chemokines that stimulate myofibroblast differentiation, growth, migration, and extracellular matrix production are induced in the lungs of rats or mice after exposure to ENMs. 57 Some of these mediators and their relationship to lung region and cell type are shown in Fig. 1 . For example, single-or multi-walled CNTs delivered to the lung by intratracheal instillation in rats or inhalation in mice increase mRNA and protein levels of PDGF. 13, 36, 47 PDGF stimulates the replication, chemotaxis, and survival of lung mesenchymal cells (fibroblasts, myofibroblasts, and smooth muscle cells) to promote lung fibrogenesis. 58 CNTs delivered to the lungs of mice increase levels of TGF-β1, a central mediator of collagen production by fibroblasts and myofibroblasts. 49, 54 In addition to TGF-β1, osteopontin (OPN) levels stimulate collagen deposition and fibroblast migration and are increased in the lungs of rats exposed to single-walled CNTs. 13 Alveolar macrophages, as well as airway epithelial cells and fibroblasts, produce PDGF, TGF-β1, and OPN. Additionally, several chemokines are also induced by CNT exposure and drive the inflammatory response in the lung. CXCL8 (IL-8), a potent neutrophil chemoattractant, is produced by a human bronchial epithelial cell line in vitro after exposure to multi-walled CNTs.
59 CCL2, also known as monocyte chemoattractant protein-1 (MCP-1), is produced by macrophages and airway epithelial cells and is increased in the bronchoalveolar lavage fluid of mice after CNT inhalation exposure. 36 In general, a complex interaction of cytokines, chemokines and growth factors contributes to the progression of pulmonary fibrosis.
Pleural immune responses to nanoparticles
In addition to airway and interstitial lung diseases, the pleural mesothelial lining surrounding the lungs is a potentially important site of toxicity for certain ENMs. Of particular concern are high aspect ratio ENMs such as CNTs, nanofibers, and nanowires that have asbestos-like shape and therefore could be persistent in lung tissue. ENMs contained within macrophage cross the pleural Figure 1 . Illustration summarizing some of the effects of metal oxide nanoparticles (NPs) or carbon nanotubes (CNTs) on airway remodeling in asthma. In normal healthy lungs, Metal NPs (e.g., TiO 2 , NiO, ZnO) or CNTs (single-or multi-walled CNTs) stimulate a Th1 inflammatory response characterized by IFN-γ production, classic macrophage activation, neutrophilic infiltration, and fibrosis. Under conditions of pre-existing allergeninduced airway inflammation (i.e., asthma), NPs or CNTs enhance allergen-induced mucus production, modulate allergen-induced airway fibrosis, and alter allergen-induced Th2 responses and eosinophilic inflammation to produce a mixed inflammatory cell immune response.
lining via the lymphatic drainage and thereby interact with the mesothelial lining of the pleura. Here, the durable nature of CNTs, nanofibers, or nanowires, coupled with fiber-like shape and reactivity (i.e., ROS-generating capacity), could result in immune reactions, pleural inflammation, or DNA damage to mesothelial cells. While unknown at the present time, it has been speculated that such high-aspect ratio ENMs could have asbestoslike behavior and long term immune or inflammatory effects that could lead to tumor formation (i.e., mesothelioma). Researchers have demonstrated that intraperitoneal injection of long multiwalled CNTs in mice induces inflammation and granuloma formation on the mesothelial surface of the peritoneum. 60 A similar strategy with CNTs, using mice deficient in the tumor suppressor p53, showed mesothelioma formation in the abdominal cavity after injection of CNTs. 61 CNTs also activate p53 in mouse embryonic stem cells in vitro. 62 Furthermore, multi-walled CNTs delivered to the lungs by inhalation or aspiration accumulate in subpleural tissue with some tubes penetrating the pleural lining. 9, 50, 63 The inhalation of multi-walled CNTs in mice has been shown to produce pro-inflammatory lesions on the pleural surface, that have been referred to as mononuclear cell aggregates. 9 Additionally, these same mice had elevated levels of PDGF and CCL2 in their bronchoalveolar lavage fluid. Interestingly, PDGF and Ni nanoparticles synergistically increase CCL2 production by cultured rat mesothelial cells. 64 The mechanism involves Ni enhancement of PDGF-induced CCL2 expression by prolonged MAP kinase activation in mesothelial cells. Illustrated in Fig. 2 is a scheme that depicts the formation of pleural mononuclear cell aggregates following exposure to CNTs or Ni nanoparticles in mice in vivo, along with a hypothetical model of ENM-induced CCL2 expression by mesothelial cells. The accumulation of mononuclear cell aggregates at the pleural surface after exposure to CNTs, or presumably Ni nanoparticles, could be mediated by PDGF secreted from activated macrophages. PDGF, in turn, stimulates the production of CCL2 that serves to recruit mononuclear cells to the pleural surface. Moreover, CCL2 is produced by pleural mesothelial cells and is a candidate chemokine that could participate in the formation of mononuclear cell aggregates observed at the pleura of mice after inhalation of multi-walled CNTs. 9, 65 The issue of whether ENMs are capable of causing immune, inflammatory, or carcinogenic effects at the pleura in humans remains a key topic of research and will have important implications for the future use and development of ENMs for a variety of applications.
Effects of nanoparticles moving across the lung epithelial barrier
While macrophages represent the first line of immune defense against inhaled ENMs, a variety of other pulmonary cell types contribute to innate immunity. For example, the lung epithelium comprises an enormous surface area for ENM exposure and in vivo and in vitro studies show that epithelial cells are a primary target for ENM-induced oxidative stress. 66, 67 Innovative aerosolization systems have been developed to expose lung epithelial cells in vitro to ENMs in air-liquid interface, rather than submerged cell cultures, to accurately model nanoparticle toxicity in the lung. 68 Airway epithelial cells play an important defense role by producing mucus which provides a protective barrier against inhaled microbes. Most ENMs, including CNTs and metal oxide nanoparticles, are trapped in the mucus layer. 69 However, recent findings suggest that certain muco-adhesive ENMs can disrupt mucus barriers and cause greater exposure to foreign particles, including pathogens and other potentially toxic nanomaterials. 70 While disruption of the mucus barrier could be detrimental, the ability of certain ENMs to penetrate mucus could be exploited for drug delivery in a controlled manner for the treatment of airway diseases such as cystic fibrosis and asthma. The ability of ENMs to penetrate mucus and the epithelial layers likely depends on a number of factors, including nanoparticle size, surface charge and hydrophobicity. In contrast to the airway epithelial barrier, the alveolar epithelial barrier is relatively thin. As such, ENMs have the potential to cross the epithelial-endothelial barrier, access the blood capillaries and then distribute to other organ systems.
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Systemic immune responses to inhaled nanoparticles
ENMs are capable of activating immune responses in tissues and organ systems beyond the lung, including the spleen and heart. For example, inhaled multi-walled CNTs cause systemic immunosuppression in mice through a mechanism that involves the release of TGF-β1 from the lungs, which enters the bloodstream to signal COX-2-mediated increases in PGE 2 and IL-10 in the spleen, both of whose function is to suppress T cell proliferation. 72, 73 Also, single-walled CNTs or multi-walled CNTs delivered to the lungs of mice have been reported to exacerbate cardiovascular dysfunction and disease. 74 However, the systemic effects of these CNTs were likely due to the release of soluble cytokines or growth factors from the lungs as there was no evidence of CNT translocation from the lung. Nevertheless, it is possible that at least some ENMs will translocate from the lung to distant organs to modulate immune responses.
Nanoparticles for the treatment of lung disease
Presently, there is great interest in utilizing nanotechnology to both develop new pharmaceuticals as well as to address issues with drug delivery. The unique properties of ENMs make them ideal candidates for the development of novel treatment strategies for a variety of lung diseases. Their nanoscale size and high degree of functionalization fosters interactions with biomolecules within the cell as well as those on the cell surface, making drug delivery to cells within the lungs highly specific, offering local targeting for the treatment of lung diseases such as asthma, cancer, and bacterial infection. 75 These drug delivery platforms include but are not limited to carbon based (fullerenes, dendrimers) 76 and silica based platforms used to treat lung cancer, 77 as well as metalbased platforms used to treat mucus hypersecretion in allergic airway inflammation. 78 While each of these platforms offer a novel approach to the treatment of some very problematic illnesses, careful consideration should be given to the potential risks of these systems in order to ensure that therapeutic benefits outweigh the possibility of immunotoxicity.
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Conclusions and summary
The emergence of nanotechnology has generated a wide spectrum of novel ENMs that will revolutionize engineering, electronics, and medicine. However, it is essential to address the potential human health risks that ENMs pose in occupational, consumer, or environmental exposure scenarios since their chemical and biological reactivities are unpredictable. Immune reactions are a key concern for potential adverse effects of ENMs along with concerns that certain ENMs will have the potential to cause fibrosis and/or cancer in humans based on physical similarities to toxic fibers and growing evidence that CNTs cause fibrosis and perhaps cancer in rodents. While certain predictions can be made regarding the toxicity of ENMs, the unique nature of these structures make it difficult, if not impossible, to predict how some ENMs will interact with intracellular structures such as DNA, cell membranes, and cytoskeletal proteins. ENM exposure has not yet been linked to human disease due to the relatively recent emergence of nanotechnology and the lack of exposure or epidemiologic data. However, it is likely that the most susceptible to adverse immune effects of ENMs will be individuals with preexisting respiratory disease such as asthma or chronic bronchitis. llustration showing postulated effects of carbon nanotubes (CNTs) or nickel nanoparticles (NiNPs) on pleural inflammation. CNTs or NiNPs taken up by macrophages traffic to the subpleura or exit the lung via lymphatic ducts and produce PDGF to signal mesothelial cell secretion of chemokines (CCL2, CXCL10) that mediate mononuclear cell accumulation at the pleural surface (see ref 9) . The inset shows the interaction between a CNT-or NiNP-activated macrophages and a mesothelial cell. Macrophagederived PDGF stimulates MAP kinase activation in mesothelial cells and NiNPs prolong PDGF-induced MAP kinase activation, leading to synergistic increases in chemokine production (see ref 64) .
